Previous studies of spatial brightness have been carried out using a variety of visual fields, these ranging from a flat, uniform, neutral surface to interior spaces containing coloured surfaces and objects. It may be expected that this would affect judgements of spatial brightness under lamps of different spectral power distribution. This article presents the results of side-by-side brightness matching tests carried out using four different visual fields. It is concluded from interpretation of these data and results from previous studies that the presence of coloured objects or surfaces in the target field does not significantly affect the outcome of brightness matching trials.
Introduction
Brightness is defined as the attribute of a visual sensation according to which a given stimulus appears to be more or less intense; or, according to which the area in which the visual stimulus is presented appears to emit more or less light. 1 Spatial brightness describes a visual sensation related to the magnitude of the ambient lighting within an environment, such as a room or lighted street. Generally, the ambient lighting creates atmosphere and facilitates larger visual tasks such as safe circulation and visual communication. This brightness percept encompasses the overall sensation based on the response of a large part of the visual field extending beyond the fovea. It may be sensed or perceived while immersed within a space or when a space is observed remotely but fills a large part of the visual field. Spatial brightness does not necessarily relate to the brightness of any individual object or surface in the environment, but may be influenced by the brightness of these individual items.
Spaces lit by lamps of different spectral power distribution (SPD) can appear differently bright at the same illuminance because illuminance, defined by the CIE Standard Photopic Observer, V(), is derived from a different visual process to that of brightness. The post-receptoral visual system is organised in three channels: one luminance channel where signals from the long-and mediumwavelength sensitive cone types are combined, and two colour channels where the differences between signals from different combinations of the three cone types are taken. 2 V() is based on data collected primarily using flicker photometry and step-by-step brightness matching, techniques that tend to minimise activity in the colour channels; brightness is dependent on activity in all three channels. 3, 4 This article examines the design of the illuminated field used in tests to evaluate spatial brightness under lighting from lamps of different SPD. In previous work these fields have included flat surfaces and interior spaces; they have been achromatic and coloured, and interior spaces have tended to contain objects. Oguichi et al. 5 had four objects in their otherwise plain booths, a sphere, cylinder, cone and cube, so that 'subjects could grasp the illumination by these solids'.
There are two reasons why field design may be expected to affect the outcome of brightness matching. First, the interaction between the SPD of the light source and the spectral reflectances of the surfaces used in a particular study means that the SPD reflected to observers is unique to that study. Secondly, if the field contains objects or details, which draw the attention of observers, and thus visual fixation, then the test may be evaluating the foveal response rather than a large field response. Those methods used for measuring the spectral sensitivity of human vision that demand attention onto a target, such as minimally distinct border and Landolt C visual acuity, tend to produce a V()-like sensitivity function. 3 Spatial brightness is a large field response and the small field or foveal response is different to that of larger fields. 6, 7 Therefore, different combinations of objects, surface details and colours may be expected to give different results in brightness judgements.
To then determine which field design is appropriate it is necessary to ask what a test is trying to measure when it compares light sources of different SPD. If it is the brightness of the light emitted by different sources, then a completely uniform environment with neutral spectral reflectance is required. This was the approach adopted by Berman et al. 8 who had their observers facing a metal wall with few visual features and painted with a spectrally flat paint; the absence of colour and objects was a purposeful approach to avoid a foveal response. Alternatively, if it is the brightness of environments illuminated by the light sources that is of interest, then the objects and surfaces of test environments should be representative of those found in the real world. This was the approach used by Boyce 9 who used a scale model office, containing objects (model furniture and occupants) and the colourfulness of surfaces was varied between trials. Boyce 9 included an achromatic scene in his trials but suggested this is not likely to be of practical importance as the coloured interior is a much more realistic situation. Both studies 8, 9 conclude that lamp SPD affects brightness; what we do not know is how different the results from these two methods would be when comparing the same set of lamps.
This paper describes a brightness matching experiment in which lamps of different SPD were compared in side-by-side booths, the visual field being presented in four variations. This work was carried out to address three questions:
(1) Does an illuminated achromatic interior environment produce the same outcome as an illuminated flat, uniform surface? (2) Does the insertion of coloured objects into an achromatic environment affect the outcome? (3) Does the presence of coloured surfaces in the achromatic environment affect the outcome?
Method
A side-by-side brightness matching task was carried out to determine whether the design of the illuminated field would affect illuminance ratios for equal brightness from lamps of different SPDs. This work used the side-byside booths and followed a similar procedure to that used in an earlier study. 10 The booths are shown in Figure 1 . The two adjacent stimuli presented a visual field of size 378 vertical and 718 horizontal at the observer's eyes. The light sources were hidden behind the rear wall of the booths. Light was conveyed into the top of the booth through an internally reflective pipe of diameter 190 mm.
The illuminance in a booth was adjusted by a rotary control connected to an iris in the pipe, enabling the illuminance to be varied without affecting the spectral power distribution or spatial distribution of light. The rotary controller had three 3608 turns from minimum to maximum to reduce the chance of a positional cue. Test participants were instructed to adjust the brightness in one booth until it matched the brightness of the second booth. Brightness was further defined as the amount of light in the whole space. Visual differences other than brightness (e.g. colour) were said to be unimportant and, whilst such differences may prevent an exact visual matching of the two booths, they should not stop the test participant from matching brightness. Four different designs of illuminated field were used, as shown in Figure 2 . In any trial, the same field design was used in both the lefthand and right-hand sides of the booths in a mirror image.
(a) Achromatic: The interior surfaces of the booth (those visible to test participants) were painted matt grey (Munsell N5, reflectance ¼ 0.2). Luminance contrasts were visible at the junctions of different surfaces and therefore this did not present a completely uniform field. (b) Coloured objects: Four small pyramids made from coloured card (Daler-Rowney Canford paper; bright red 007; jewel green 034; electric blue 025; and dresden yellow 024) were placed on the floor of the achromatic booth. This is the field design used in previous work. 10 Table 1 describes the colours of these objects. of residential streets in Sheffield, a city in the north of England. Table 1 describes the colours of these surfaces. (d) Uniform field: The front openings of the achromatic booths were covered with sheets of acrylic diffuser of neutral transmittance to provide a neutral and uniform field.
If interior design has a significant effect on brightness judgements, then the mean illuminance ratio for equal brightness between two types of lamp would be different for each interior design.
Four different types of lamp were used, as described in Table 2 . Three of these, the high pressure sodium (HPS), compact fluorescent (CFL) and a metal halide (MH1) were used in previous work. 10 A second type of metal halide (MH3) replaced that used in the previous work (MH2); whilst these two lamps are reported to have the same CCT (4200 K), CRI (92) and S/P ratio (1.78), SPDs measured in situ suggested some differences. Four lamp pairs were used, these being the four types of lamp in comparison with a single reference lamp, the MH1, hence providing three mixed-SPD comparisons and one null condition.
In previous work 10 the high pressure sodium lamp (HPS) lamp was used as reference, this being a common source in UK residential streets. 11 When testing a hypothesis that coloured objects lead to different responses in a brightness matching task, it was anticipated that any effects would be enhanced by using a lamp of better colour discriminating properties than the HPS and therefore the MH1 lamp was chosen as reference. A range of lamp pairs were used as a precaution against the results being specific to this one pair. A null condition was included (same type of lamp illuminating both booths) to enable evaluation of the validity of the trial. 12 Test participants were dark adapted for 20 minutes. The two booths were identically furnished and one booth was set by the experimenter to the reference illuminance. The illuminance of the second booth was adjusted by the participant until the two sides appeared, as near as possible, equally bright. For every lamp pair, each participant provided eight brightness matches. This enabled counterbalancing of the initial illuminance of the variable stimulus (set by the experimenter to an illuminance higher or lower than the reference) and the application of dimming to both sources, and each of these was repeated twice. All eight matches were carried out under one lamp pair before proceeding to the next lamp pair. The order in which the four lamp pairs were used and the booth in which the reference lamp was located (left-hand and right-hand) were balanced across subjects.
Trials using the achromatic, coloured objects and coloured surfaces field designs were carried out with the reference illuminance Visual field type and brightness matching 77 set to 7.5 lux; all illuminances were measured on the centre of the floor of the booth. This work was carried out as a pilot study before continuation of experimental work investigating the brightness of street lighting 10 and 7.5 lux is mid-way in the range of average illuminances (2-15 lux) used in the UK for subsidiary streets. For the uniform field design the reference illuminance was set to achieve an average luminance of the front surface of the reference field equal to the average luminance (0.38 cd/m 2 ) from 14 points on the floor, rear wall and outer side wall in the achromatic field design. For simplicity, this article reports photopic luminances and illuminances despite the mesopic adaptation used in the current experimental work. Initially, the coloured surfaces and coloured objects fields were compared, to explore the validity of the coloured objects field that had been used in previous work. 10 Subsequent to completion of these trials it was suggested that brightness matching using a neutral and uniform field would be more appropriate, and hence the achromatic and uniform surface fields were devised and further trials carried out. Hence the four field designs were used in two separate series of tests, the coloured objects and coloured surfaces field designs in the first series, and the achromatic and uniform field designs in the second series. Within each series, the field designs were seen in a balanced order and the same set of test participants were used.
Ten test participants were used. These were within the age range 25-54 years old, with an approximate mean age of 36; seven were female, and all were confirmed to have normal colour vision using the Ishihara test and the Farnsworth dichotomous colour vision test. Each participant saw all combinations of field design and lamp pair, a repeated measures procedure, and thus provided 128 brightness matches (4 field designs Â 4 lamp pairs Â 8 trials). Test participants were given a small payment to cover their expenses.
Results and analysis

Results
The results are shown in Table 3 . The 10 test participants each made 8 brightness matches for each of the 16 combinations of 4 field designs and 4 lamp pairs. The mean of these 8 trials was used as the best brightness matching estimate for each test participant, from which the sample means and standard deviations shown in Table  3 were derived. Essentially, the 8 observations per stimulus pair have been averaged.
Within each lamp pair there is little variation in mean illuminance ratio for the four field designs, which suggests little effect of field design on brightness matching. One apparent exception is the HPS/MH1 lamp pair in which the mean illuminance with the coloured surfaces field is larger than for the other three fields. As to precision of the matching task there is little difference in standard deviation except for the HPS/MH1 lamp pair and the uniform field which is much larger than for any of the other cases. Analyses of the data distributions suggested they were drawn from normally distributed populations.
The results analysed for the effect of field design are those within Table 3 , these being the raw data corrected for the conservative adjustment bias (see Section 3.2). An effect of field design on the effect of lamp SPD on the brightness match would be seen as a tendency to modify the illuminance ratio for equal brightness. Table 3 does not reveal any consistent trends.
Repeated measures ANOVA does not suggest the effect of field design is significant, although it is close (p ¼ 0.082). Repeated measures t-tests were applied to the six paired combinations of field design within each lamp pair. Of these 24 comparisons, only 2 were found to be significantly different (HPS/MH1, coloured surfaces vs coloured objects, p ¼ 0.003; HPS/MH1, coloured surfaces vs achromatic, p ¼ 0.008). With multiple applications of a statistical test there is the opportunity for making a Type I error, that of finding a statistically significant effect by chance rather than being real effects, so these two significant effects may be chance. One method to counter this is the Bonferroni correction, which for the 24 t-tests carried out suggests a critical value of p ¼ 0.002 to reliably test for significance at a family-wise rate of p 0.05. 13 Interpretation of the results with this suggests no significant effect of field design.
The results were also interrogated to check for the presence of experimental bias, that is, unintentional significant effects other than those of lamp type and field design.
Conservative adjustment bias
The brightness matches were made by adjusting the illuminance of one of the two stimuli. To counterbalance an expected conservative adjustment bias 12, 14 the dimming control was applied to both of the stimuli for an equal number of trials by all subjects. Table 4 shows the null condition data (recorded data), trials in which both fields were illuminated by MH1 lamps. The illuminance ratios are formatted as illuminance of the variable stimulus to illuminance of the fixed stimulus. If there were no bias associated with the dimming procedure, these ratios would be unity. In all four cases the illuminance ratios are less than unity, showing that the variable stimulus tended to be set to a lower illuminance than the fixed stimulus, but the difference is significant in only one case (ttest, p50.05).
The test results were broken down according to the application of dimming, that is, mean illuminance ratio (test lamp/reference lamp) when the test lamp was varied by subjects and when the reference lamp was varied by subjects. In 15 of the 16 combinations of lamp pair and field design these results show the tendency for conservative adjustment, the adjusted lamp being set to a lower illuminance than average for that visual condition. The difference between the two illuminance ratios is significant in 6 of the 16 visual conditions (t-test; p50.05); CFL/MH1 with coloured surfaces, CFL/ MH1, HPS/MH1 and MH3/HPS with coloured objects and CFL/MH1 and MH1/ MH1 with achromatic surfaces. A correction was applied: The recorded illuminance of the variable stimulus is divided by 0.96, thus raising the apparent illuminance to offset the conservative adjustment. 12, 14 The data recorded in Table 3 include this correction.
The data were then reanalysed to see the effect of this correction. First, comparing the results when broken down according to the application of dimming, whether applied to the test lamp or reference lamp in each pair. This shows that the tendency for conservative adjustment is no longer apparent; the adjusted lamp is set to a lower illuminance than average for that visual condition in 9 of the 16 visual conditions, close to the 8 expected by equal distribution. Application of the t-test suggests the differences between these illuminance ratios are not significant in all cases. The corrected null condition data are shown in Table 4 . The mean illuminance ratios (variable/fixed) are not significantly different from unity in all four cases.
There is little difference between the mean illuminance ratios (test lamp/reference lamp) determined from the recorded data or from mean illuminance ratios determined after correction for the conservative adjustment bias. All changes in mean illuminance ratio were within AE0.004. The strongest effect is for the CFL/MH1 lamp pair in the achromatic field, where the mean illuminance ratio of 0.886 determined from the recorded data is reduced to 0.882 after the correction has been applied. This shows that the counterbalancing carried out within the experimental procedure was successful in averaging out the effect of conservative adjustment.
Positional bias
In simultaneous evaluations the two stimuli are observed in one of two spatial locations. For experimental efficiency, the reference lamp (MH1) was placed in one booth during the whole of a trial with one subject, and test lamps were changed in the second booth. Counterbalancing of stimulus position was carried out between subjects; 12 for six subjects the reference lamp was on the left-hand side and for four subjects the reference lamp was on the right-hand side. Ideally, the reference lamp would have been used to illuminate both sides for an equal number of subjects, five in this case, but this mismatch was unintentional and was not noticed until after completion of the trials. Table 5 shows the null condition results, broken down according to the location of the reference lamp in either the left-hand or righthand booths. There is no consistent trend with location. The t-test does not suggest the differences are significant, although it is close to significance (p ¼ 0.074) for the coloured objects field. A similar analysis carried out on the remaining 12 combinations of lamp pair and field design suggests a significant difference in only one case, that of the CFL/MH1 lamp pair within the coloured surfaces field (p50.05). It was concluded that any bias between the two booths was negligible.
Discussion
This study was carried out to determine whether the results of a brightness matching task were affected by the field illuminated by the test lamps. This is discussed by responding to the three questions raised in the Introduction.
Further evidence of the effects of interior design can be found from two previous studies conducted at photopic levels of adaptation. These used higher luminances than were used in the current study and thus any effect of colour would be stronger compared with the current work. Boyce 9 used side-byside booths and two methods of judgement; matching (for equal visual appearance) and category rating (of brightness, clarity, pleasantness and colourfulness) and varied the colour of surfaces. Boyce and Cuttle 15 used category rating to judge perceptual attributes of lighting in separate evaluations; they varied the colour of surfaces and also examined whether the presence of an object affected judgements.
The first question asks whether brightness matching using an illuminated achromatic interior environment produces the same outcome as an illuminated, flat, uniform surface. The answer to this question is yes; the current results suggest negligible difference in brightness matching between the achromatic field and the uniform field. These two fields might also be considered as a self-illuminated stimulus (uniform field) and an illuminated surface (achromatic field). Granzier et al. 16 carried out colour matching using different visual fields, these being coloured patches that were either self-luminous (PC monitor) or illuminated colour samples and their results also suggest that when the two samples being matched were of the same type, then type of visual field does not affect the judgement.
The second question asks whether the insertion of coloured objects into an achromatic environment affects the outcome of brightness matching trials. The current experimental results suggest a negligible difference in brightness matching between the coloured objects field and either the achromatic field or the uniform field. Boyce and Cuttle 15 introduced a coloured object, in the form of fruit and flowers, into an otherwise achromatic room and this did not affect ratings of brightness and clarity, although it did increase ratings of colourfulness.
The third question asks whether the presence of coloured surfaces in the achromatic environment affect the outcome. The current results do not suggest a significant effect but there is a hint that for the HPS/MH1 lamp pair (but not for the other three lamp pairs) there is a significant difference between Visual field type and brightness matching 81 illuminance ratios set using the coloured objects and coloured surfaces field designs. A difference between these two fields was the level of colourfulness, these being primary colours for the objects and matt pastel colours for the surfaces, which suggests that level of colourfulness may be relevant. There is evidence from previous work that the level of colourfulness does not affect brightness matching. Boyce 9 found no significant difference between three levels of colourfulness in a matching task, and also no effect in a category rating task other than the ratings of colourfulness. The three levels of colourfulness were achieved by varying the colours of curtains, acoustic screens and the end wall in the scale model office. For example, the curtain was coloured royal blue, kingfisher blue and light blue for the high, medium and low levels of colourfulness, respectively. Other items of mock furnishing and occupants were of constant colour in all trials, and these were a wide range of colours.
Cheal 17 carried out a side-by-side brightness discrimination test at mesopic levels (2-15 lux) and used three levels of colourfulness; achromatic (the grey booths), partly chromatic (coloured pyramids placed in booth: this is the coloured objects field of the current study) and highly chromatic (large sheets of card of same colour as pyramids placed on surfaces of the booth). The same conclusions of lamp brightness were drawn from all three levels of colourfulness and there are no consistent trends in the recorded data. Therefore a difference between the coloured objects and coloured surfaces fields of the current results does not fit the effect of colourfulness found in previous studies.
There is evidence from previous work that introducing colour into an achromatic environment does not affect the results. Table 6 shows results of Boyce's 9 matching task carried out under five lamp combinations at two standard illuminances and in achromatic and chromatic booths. This was a repeated Table 6 does not suggest a consistent difference in the results of a matching task between booths of achromatic and chromatic interior surface colour. Results from Boyce and Cuttle 15 also suggest no difference in brightness judgments between tests carried out in achromatic and coloured rooms, when using a category rating task. Room surfaces and objects in the 'achromatic' room were black, white or grey, other than a teak wood finish on the desk and book case. In the coloured rooms the light grey walls were repainted either pink or blue. Analysis of rating items made at only one combination of illuminance and lamp SPD (225 lx, 6300 K) suggest no difference between rooms of different wall colours. Analysis across ratings made at three lamp SPD (225 lx; 2700 K, 3500 K and 6300 K) suggest there no significant effect on ratings of brightness and clarity, although there was a significant effect on ratings of colourfulness.
The current results suggest that the introduction of coloured surfaces into an achromatic environment can affect the results; this may be due to capitalising on chance. There is disagreement from the coloured objects field design of the current study, and further disagreement from three previous studies: two of these were carried out at photopic levels rather than the mesopic level of the current work, where any effect of colour would be stronger.
It is concluded from this analysis that the presence of colour in a test environment, the level of this colourfulness, and the presence of objects, does not affect the outcome of a matching task. This disagrees with the proposals made in the introduction. There are two possible explanations for this disagreement. First, it may be that any effect was indeed negligible, or if the effect is real then it was either lost within the variance of the brightness matching task or the experiment was not sufficiently sensitive to reveal an effect. Secondly, observers perceived the incident illumination as distinct from attributes associated with the illuminated surfaces and objects 18 and thus the presence of colour and objects would not affect brightness judgements: The visual system separates the retinal luminance into the lightness of the illuminated surfaces and the amount of light illuminating the surfaces and it is upon the latter that test participants were making judgements in trials.
The four field designs were used in two separate series of tests, the coloured objects and coloured surfaces field designs in the first series, and the achromatic and uniform field designs in the second series, both using the same set of test participants. To examine for an order effect the mean illuminance ratios in the first and second series were compared within the four lamp pairs; the data did not reveal any consistent trends and analysis Visual field type and brightness matching 83 using the t-test did not suggest any differences to be significant.
Lamp type and spatial brightness
If lamp SPD affects the illuminance needed for equal brightness, the illuminance ratios in Table 3 would be significantly different from unity. For the three mixed-SPD lamp pairs the t-test suggests the differences from unity are significant, other than for the MH3/MH1 lamp pair in the achromatic field. As expected, the null condition comparisons (MH1/MH1) are not significantly different from unity. Table 7 shows the mean illuminance ratios for each lamp pair as averaged across the four field types.
Conclusion
This work was carried out to determine whether the presence of colour and objects would affect judgements of spatial brightness in a matching task where field designs were identical. It is concluded from this analysis that the presence of colour in a test environment, the level of this colourfulness and the presence of objects, do not significantly affect the outcome of the matching task when the two visual fields are identical other than lamp SPD. 
